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Surfactant Templated Assembly of Hexagonal Mesostructured
Semiconductors Based on [Ge4Qw]4' (Q=S, Se) and Pd** and Pt*" ions.

Pantelis N, Trikalitis, Krishnaswamy K. Rangan and Mercouri G. Kanatzidis’
Department of Chemistry, Michigan State University, East Lansing, MI 48824,

ABSTRACT

Mesostructured semiconducting non-oxidic materials were grepared by linking [GeqQig]*
(Q=S, Se) clusters with the square planar noble metal cations of Pd** and Pt ** in the presence of
cetylpyridinium surfactant molecules. The use of Pt*" afforded materials with exceptionally high
hexagonal pore order similar to those of high quality silica MCM-41. These materials are
semiconductors with energy band gap in the range 1.8<Eg<2.5eV.

INTRODUCTION

The emergence of the family MCM-X of surfactant templated silica mesoporous
molecular sieves with regular pore shape and adjustable pore size a decade ago sparked a flurry
of activity worldwide that resulted in an abundance of oxidic mesoporous solids with promising
technological properties (/). Whereas these materials will impact catalytic, separation and
adsorption applications, they lack interesting electronic properties. Bulk materials that combine
mesoscale features and electronic properties are envisioned for novel applications in quantum
electronics (2), photonics (3) and non-linear optics (4) among others. Such characteristics may be
expected in non-oxidic materials such as the chalcogenides (5). A suitable method for the
construction of semiconducting mesostructured materials utilizes a self-assembly process
between chalcogenido building blocks and metal cations in the presence of surfactant molecules
acting as templates (6). However outstanding issues as to how these systems form remain. The
mesostuctured chalcogenides reported todate mainly were synthesized by linking adamantane
[GesQi0]* (Q=S, Se) clusters (see scheme 1) with first row transition and main-group ions such
as Mn, Co, Ni, Zn, Cd, In and Ga, whose coordination preference is mainly tetrahedral. In the
exploration of the role of the linkage metal in the assembly process we decided to use noble
metal Pd* and Pt*" ions because of the strong square-planar coordination preference. Moreover
these ions are less kinetically labile than the first-row transition metals and therefore may slow
down the self-assembly reaction thus achieving a more ordered structure. In this work we
employed the clusters [GesQ10]" (Q=S, Se) with Pt** and Pd”" in the presence of cetylpyridinium
(C6PyBr) surfactant molecules. We find that these two similar metal ions behave very
differently. In the case of Pt*" the materials show remarkable hexagonal pore order similar to
those of high quality silica MCM-41 whereas in the case of Pd*" the solids are significantly less
ordered.
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EXPERIMENTAL

The syntheses of the materials were carried out as follows: I mmol of TMA[GeyQ10]
(TMA=tetramcthylammonium; Q=S, S¢) was dissolved in 20 m! of formamide at 80 °C. To this
clear solution 10 mmol of surfactant CsPyBr was added and the mixture stirred at 80 C until a
clear solution formed. In a flask 1 mmol K,MCly (M=Pt, Pd) was dissolved in 10 m! of
formamide and added to the surfactant/[GesQ o] solution dropwise using a pipet. The mixture
was aged overnight under stirring and the product was isolated with suction filtration, washed
with warm formamide and water and dricd under vacuum. The yield was >80 % and the solids
were in the form of light powder.

RESULTS AND DISCUSSION

The mesostructured materials are denoted as C«PyMGeQ were M=Pt, Pd. Unlike in
previous cases (6) with other, kinctically labile linkage metals, we observe a considerable slower
reaction upon addition of the Pt** metal ions. That is when the K>PtCL/FM solution was added to
the C16Py/[GesQio]* solution, instantancous precipitation did not take place. The deposition of
the mesophase began 1-1.5 min after and was completed in approximately 10-15 min. As we
discuss below the platinum containing mesophases exhibit remarkably good hexagonal
mesoscopic order. In contrast Pd?" ions, react much more rapidly giving mesophases that exhibit
high degree of disorder. Figure 1 shows powder X-ray diffraction patterns of CcPyMGeQ
materials. The platinum products show three or four well defined Bragg reflections in the
2°<20<7° region, characteristic of mesostructured materials with regular hexagonal pore
arrangement. Accordingly these reflections arc indexed to a hexagonal p6m mesophase, sce
Figure 1. The intense, sharp, well-defined high order reflection (110) and (200) as well as the
observation of the fourth (210) reflection, betray a high degree of hexagonal order in these
materials as observed dircctly by transmission clectron microscopy (TEM) (see below). In the
casc of palladium however, the (100) reflection is clearly broader and the high order reflections
(110) and (200) arc not well resolved, indicating the formation of less ordered mesostructured
phascs.

Samples of the mesostructured CsPyMGeQ were examined by TEM. Figure 2a shows a
characteristic image of CPyPtGeSe looking down the pore channel axis ([100] direction) where
a remarkably uniform hexagonal order is clearly visible. Figure 2b shows a view of C(PyPtGeSe
perpendicular to the pore channel axis ([110] direction). The long, straight parallel tunncls are
apparent in this image and the observed interpore distances arc in good agreement with those
obtained from the X-ray diffraction patterns. Similar images were obscrved in C,PyPtGeS
material. Figurc 2¢,d shows a characteristic image of C;sPyPdGeS were the presence of local
hexagonal pore arrangement along with disordered regions is evident, as indicated by the X-ray
powder patterns. The quality of Ci,PyPtGeQ solids as judged by the degree of hexagonal order,
is comparable to those of high quality sitica MCM-41 (7). Figure 3 shows a TEM image of a
large C1sPyPtGeSe particle wherc the size of cohierent, hexagonally organized domain is >500
nm.
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Figure 1. Powder X-ray diffraction patterns of mesostructured noble-metal chalcogenides
(CuKoa radiation).

(a)

(d)

Figure 2. Representative TEM images of CsPyMGeQ materials. (a) C;sPyPtGeSe down to
[100] direction, (b) C,cPyPtGeSe down to [110] direction, (c) C,sPyPdGeS down to [100]
direction and (d) highly disordered region of C,sPyPdGeS.
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Figure 3. Representative image of a large particle of CiPyPtGeSe showing the hexagonal
organization cxtending over its full body. Particle length >500 nm.

Undoubtedly the quality of the hexagonal pore order in the platinum germanium
chalcogenide materials is significantly higher than in palladium analogs. Since the synthesis of
C16PyPtGeQ is based on simple metathesis reactions according to (1),

KoMCly + TMA4[GesQpo] + CiPyBr  ——  CiPyMGeQ + TMA-Cl + KBr (1)

it is natural to expect that ligand substitution kinetics and coordination preference of the linkage
metal ions will affect the quality of the final product. However noble metal ions Pd> and Pt*'
exhibit strong square planar coordination geometry. Therefore the striking difference found
between CsPyPtGeQ and CsPyPdGeQ materials in terms of long range hexagonal pore order, is
attributed to the slower reaction observed in the former. In that case, the reactants have more
time to recact and reach equilibrium thus leading to considerably higher quality hexagonal
mesostructured phases.
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Infrared (IR) and Raman spectroscopy was used to examine the inorganic framework and
also confirm the presence of the surfactant molecules in these materials. In the mid-IR region we
observed the characteristic absorption bands of cetylpyridinium cations. Shown in Figure 4a is
typical far-IR spectrum from CsPyPtGeS together with the corresponding spectrum from the
free adamantane cluster for comparison. The spectrum of CisPyPtGeS shows characteristic peaks
in the same range as the free adamantane cluster, however, the peaks are much broader
indicating possible different bonding environments present.

FT-Raman spectra were collected for the mesostructured C;sPyPtGeS while for the other
materials spectra could not be obtained as they decomposed under the laser beam. We observe
several vibrational modes attributed to Ge-S and Pt-S stretching modes, see Figure 4b. By
comparison with previous Raman studies (6), the sharp peak centered at 376 cm’™' can be
assigned to the totally symmetric breathing mode of the "GesS¢" cage, while the peak at 441 cm’
to terminal Ge-S, stretching mode. The peak at 340 em™ can be assigned to the Pt-S vibration,
according to the spectroscopic analysis of Raman spectrum of PtS.
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Figure 4. (2) Far-IR and (b) FT-Raman spectrum of C,sPyPtGeS.

The optical absorption properties of the C1sPyMGeQ mesostructured materials were
investigated with solid state diffuse reflectance UV-vis/Near IR spectroscopy. All solids posses
well-defined, sharp optical absorptions associated with bandgap transitions in the energy range
1.8<Ey<2.5 eV, see Figure 5. The bandgap narrows in going from the lighter C,,PyMGeS
(Pd:2.5 eV, Pt:2.3 eV) to the heavier C;sPyMGeSe (Pd:2.0 eV, Pt: 1.8 eV). Moreover the effect
on the bandgap in going from C;sPyMGeS to C;sPyMGeSe is greater (0.5 eV) rather than in
going from C,¢PyPdGeQ to C,sPyPtGeQ (0.2 V) suggesting a more dominant role of the
chalcogenide element in the valence and conduction band of the materials.
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Figure 5. Solid statc UV-vis absorption spectra of C;cPyMGeQ materials.

CONCLUSIONS

The use of Pd*" and PE' as linkage metal ions in a supramolccular assembly of
adamantane {GesQ1o]* clusters leads to a new class of non-oxide mesostructure materials with
noble metal ions as part of the framework. In the case of platinum the solids show exceptionally
high hexagonal order similar to those in silica MCM-41, whereas in the casc of Pd such high
order was not observed. This suggests that slower reaction kinctics of framework assembly is an
important factor. The materials posses optical bandgaps, ranging between 1.8<E.<2.5 eV. The
bandgap narrows with the incorporation of heavier elements in the framework.
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